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INTRODUCTION
Diatoms are important microorganisms present at the beginning of the food chain in aquatic ecosystems. In fact, diatoms can grow in extreme habitats such as hot springs that have high temperatures and differing physicochemical characteristics from other ecosystems. The study of diatoms in such habitats may lead to the discovery of potent diatoms that can be used in various heat-tolerant applications (Pruetiworanan et al., 2017) , such as diatoms that can be grown at high temperatures and this would allow researchers to make use of enormous un-used tracks of desert land for biofuel production (Gendy & el-temtamy, 2013) . Therefore, it is important to study the biodiversity database of hot spring diatoms. In extreme ecosystems, diatoms are present in both their benthic and planktonic forms (Hynes, 1970) . The distribution of benthic diatoms is usually found in high abundance on rocky and cobble substrates; however, they are also known to inhabit epiphytic and epipsammic communities. Diatom distribution is distinguished by environmental characteristics that limit species distribution and the scope is restricted by the capabilities of species. The specific arrangement of diatoms can also broaden according to the relevant environmental factors (Kristiansen, 1996) . Diatom species can grow in places experiencing a wide range of temperatures from 10 o C to 45 o C, which can occur in extreme habitats (round et al., 1990) . This temperature range involves higher temperatures when compared to the growth ability of other green algae (nurul et al., 2013) .
Numerous hot springs have been discovered throughout northern Thailand (sinGHarajwaraPan et al., 2012) . The temperatures of those thermal springs are within the range of 45-100°C, with a general flow-rate of less than 1 L s -l . The pH values of the hot springs ranged from 6.5 to 9.5. Overall, the hot spring waters contain small amounts of chemicals, and also have low total dissolved solids (TDS) and gas contents (CHuaviroj, 1988) . Most of the hot springs in Thailand are located in national parks and many of these have been recently promoted for the purposes of tourism. However, the tourist activities may negatively affect the ecosystem and lead to a loss of biodiversity. Previous research studies have reported on the cyanobacteria community in hot springs throughout northern Thailand (somPonG et al., 2005) ; however, studies on the diversity of hot spring diatoms in Thailand have not been conducted yet. Consequently, the main objective of this study was to survey the current taxonomic composition of hot spring diatoms in northern Thailand and evaluate their relationships with any relevant environmental variables. The knowledge obtained from this research will be used to create a database that can be employed to evaluate the effects of tourism on the diversity of diatoms and will also be the basis of a reference resource for the screening and application of these hot spring diatoms in the future.
MaTeriaLs anD MeThoDs

Location and description of samples sites
Eight hot springs in northern Thailand possessing differing geological characteristics were chosen for this study (Fig. 1) . These chosen hot springs represent the hot springs scattered throughout northern Thailand (Fig. 2 ). Samples were collected once in each locality from December 2015 to April 2016. Environmental data of each sampling site were recorded (Table 1) .
Water sampling analysis
To obtain the physical-chemical factors according to the method of GreenberG et al. (1992) , physicochemical parameters, particularly pH, conductivity, NO 3 -, NH 4 + , SRP, SiO 2 , S 2-, total hardness, alkalinity and water temperature, were measured at the sampling sites (Table 2) . Three replicates of water samples from each point were collected. Water samples were collected in polyethylene bottles and kept in a thermal box to retain the appropriate temperature.
Investigation of benthic diatoms
The periphytic (epipelic and epilithic) diatom samples were collected (according to the method of rott et al. (1997) ) from the stones or the border of the hot spring pools, three replicates from each range of temperature. A plastic sheet (10 cm 2 ) was placed on the upper surface of the selected substrates. Each sample was collected into a small plastic container labelled with the site name, location code, date and replicate number. All samples were kept in a storage box to retain the original temperature. The procedure for diatom sample digestion and cleaning using 70% nitric acid was employed at the laboratory. These samples were mounted with a mounting agent (Pleurax) on glass slides and covered with coverslips. Then toluene in the slide was removed by being heated on a hot plate.
Benthic diatom identification and counting
A light microscope was used to identify the diatom samples, with the magnification 40× and 100×. The specimens were photographed using Olympus Nomarski microscope and scanning electron microscope. The samples were identified according to relevant determination literature; FoGed (1974; 1979) ; Krammer & lanGe-bertalot (1991a, b) ; lanGe-bertalot & Krammer (1989) ; lanGe-bertalot (2001), Krammer (1997a, b) ; Krammer (2000) ; Krammer (2002) ; Krammer (2003) ; Kelly & HawortH (2002) and jüttner et al. (2011) .
Statistical analysis
The diversity of benthic diatoms was quantified by Shannon Weiner's Diversity Index (sHannon, 1948) . The ensuing formula was used to calculate the values:
where Н′ = shannon Weiner's Diversity index, pi = ratio of individuals in the ithspecies, r = number of species
where e = evenness, s= total number of species in the population.
Diatom assemblage patterns were examined utilizing several approaches including R Project for 
The abbreviations of springs names are provided in Fig. 1 .
abbreviations: hTa -high tourist attraction, nTa -none tourist attraction, LTa -Low tourist attraction. (μs cm
Alk.
mg.l Statistical Computing version 3.4.2 supported by CRAN (r Core team, 2017). Sampling sites were grouped based on water properties using Hierarchical Cluster Analyses (HCA) and carried out with h cluster function of R using Euclidean distance. The complete option was embraced for the clustering as it includes a greater proportion of the information than other options. A non-metric multidimensional scaling technique (NMDS) with Bray-Curtis distance measure was used to evaluate variations in diatom assemblages and the water quality of each sampling site in the studied hot springs. The physico-chemical factors were correlated to the NMDS axes using the Fits an environmental Vector (envfit function) of the library (vegan) (oKsanen et al., 2018) . Environmental variables were transformed using square-root transformation and standardized by Wisconsin command. The fit (r 2 ) of each variable to the ordination was assessed using the envfit function with MonteCarlo analysis of 999 permutations. The NMDS result was plotted using ggplot function of the gglpot2 library (wiCKHam, 2009) .
resuLTs anD DisCussion
Diversity of hot spring diatoms and relationship of benthic diatoms to chemical and physical properties
A total of 46 species of hot spring diatoms were identified in this study , predominantly pennates. The list of the determined diatoms with their relative abundance is shown in Table 3 . The dominant genera according to high relative abundance (more than 1%) were Diatomella (41.7%) followed by Achnanthidium (20.9%), Anomoeoneis (11.2%), Rhopalodia (6.4%), Sellaphora (5.7%), Navicula (2.9%), Nitzschia (2.4%) and Craticula (2.1%). (Quintela et al., 2013; Covarrubias et al., 2016) . Moreover, A. exiguum has been recorded in all samples collected from the limnocrene springs of Bunica that are situated in the south of Bosnia and Herzegovina, and this species has been frequently found in many alkaline hot springs (DeDić et al., 2015) .
Furthermore, Caloneis molaris (Fig. 3 (3-5) ), Craticula acidoclinata (Fig. 5 (60) ), Pinnularia saprophila (Fig. 6 (63-64) ) and Navicula subrhyn-chocephala ( Fig. 6 (77) ) have been determined to be newly recorded species in Thailand. They were compared to the freshwater algae checklist published in Thailand along with other related reference materials (lewmanomont et al., 1995; PeKtHonG, 2002; PeKtHonG & PeeraPornPisal, 2001; KunPradid, 2005; suPHan, 2004 suPHan, , 2009 intHasotti, 2006a, b; leelaHaKrienGKrai, 2007 leelaHaKrienGKrai, , 2011 Pruetiworanan, 2008; yana 2010 , 2014 suPHan & PeeraPornPisal, 2010; naKKaew, 2015) . The recorded species of hot spring diatoms new to Thailand in this study were found in fewer numbers than those recorded in earlier reports published in Thailand. This ocurred because we collected samples from specific environments, where microbes were only able to survive under harsh conditions such as high temperature, pH and alkalinity. These factors restricted the type and number of diatom species that were present.
Results from the statistical tests indicated a higher taxonomic richness at SK sampling site compared to the other sampling sites. The results of Shannon's diversity index ranged from 0.000 to 2.365 and the evenness ranged from 0.000 to 0.875, whereas the species richness was found to range from 0 to 24. The lowest values of the diversity index and the evenness values were observed at sampling sites TPN5, TP4, JS4 and MJ4, whereas the highest values were observed at sampling site SK1. The highest values of evenness were revealed at sampling site CHD1. The highest numbers of species were recorded at sampling site SK1, while the lowest values were recorded at sampling sites TPN5, TP4, JS4 and MJ4. The number of species at most sampling sites was found to have decreased as the water temperature was higher.
The NMDS ordination revealed differences in species composition in eight different springs (Fig. 8) . The data stress from NMDS analysis was 0.17, which indicated an acceptable ordination summarizing the observed distances among the samples (KrusKal & wisH, 1978; leGendre & leGendre, 1998) . Subsequent to the environmental variables, ten variables were included in the analysis and fitted to the ordination space: pH, conductivity, NO 3 -, NH 4 + , SRP, SiO 2 , S 2-, total hardness, alkalinity and water temperature. Based on R 2 values, silicon dioxide (SiO 2 ), pH, conductivity, water temperature and total hardness had a strong relationship with species composition, respectively ( Table 4) .
The diatom taxa in the NMDS ordination diagram indicated that the increase of silicon showed a positive correlation to the diversity of diatoms. Silicon oxide is thus essential to diatoms, as an insufficient supply of Si in the environment will prevent diatoms from flourishing or can result in teratological specimens (seCKbaCH, 2007).
However, silicon concentration does not appear to be the only limiting factor in the distribution of diatoms. Our data specify that pH and silicon concentrations seem to be an imperative factor in hot spring diatom distribution, in the same way they do in many alkaline springs found elsewhere in continental Europe (Cantonati & lanGe-bertalot, 2010; Kollár et al., 2015; moGna et al., 2015) and Majorca island (delGado et al., 2013) . The species associated with higher pH and SiO 2 values in this study were Caloneis aequatorialis, Cocconeis placentula, Craticula cuspidata, Diploneis elliptica, Gomphonema affine, Gomphonema augur, Halamphora fontinalis, Planothidium lanceolatum and Stauroneis anceps. These conditions were relevant to the SK1 and SK2 samples. Consistent with leira et al. (2017), who have found Planothidium lanceolatum in water bodies of slightly alkaline pH conditions in thermo-mineral springs of Galicia (NW Spain).
Another factor that affected diatom diversity was conductivity. In this study, Achnanthidium exiguum, Sellaphora lanceolata and Pinnularia abaujensis had positive relationship with conductivity that occurred in the MJ2 and MJ3 samples. manGadze et al. (2017) have revealed that diatom assemblages are proper indicators of ionic composition/conductivity and stream size in lotic ecosystems. Also, it is well known that conductivity and ionic composition have impact on diatom distribution (bere & tundisi, 2011) . Conductivity is highly correlated with variables that directly affect diatom assemblage composition and individual species responses along the gradient (ryves et al., 2002) .
Water temperature showed negative influence on the diversity of diatoms. Only Amphora montana was allocated near the temperature arrow, which indicated that this species was more abundant at the higher temperature sampling sites. This finding was in accordance with the findings of niKulina & KoCioleK (2011), who have observed that the diversity of diatom taxa present in hot springs decrease significantly when water temperature exceeds 70°C. These findings are also in agreement with moGna et al. (2015) . However, the relative abundance of some diatom change in hot springs was not consistent with the temperature, which means that other climatic variables were relevant. Total hardness positively corelated with Amphora ovalis, Craticula acidoclinata, Craticula ambigua, Navicula grimmei, Surirella elegans (Fig. 8) . The species occurred at the sites with high conductivity and total hardness. These sites were situated in a mountainous limestone area and were affected by the presence of carbonate and bicarbonate ions from limestone. Naturally, limestone areas contain three carbonate types (H 2 CO 3 -, HCO 3 -and CO 3 2-) that can affect the alkalinity of a water body in a given area. if waters flow through limestone regions or bedrock areas that contain carbonates, they tend to have high alkalinity values, which can lead to high conductivity levels (Cravotta, 2003) . Similar results have been obtained by other authors, e.g. GesieriCH & KoFler (2010) , who have studied springs situated in the central Alps in Austria and have found that conductivity and nitrates are the most relevant differentiating variables of diatom assemblage composition. From the NMDS analysis, Diatomella balfouriana, which could be found in various hot springs, showed a non-relationship of the water properties. somPonG (2001) has reported that D. balfouriana is a dominant species at temperatures between 30 and 59°C, whereas only a small number of the publications in the world have identified this species as a dominant species in hot springs.
The results of this study seem to indicate that it is difficult to establish a characteristic diatom flora for hot spring waters. In fact, none of the taxa were common to eight hot springs. In any case, there are different species for which the physical and chemical characteristics of the individual hot spring conditions might be more conclusive in the controlling appropriation.
Hot springs offer the opportunity to test hypotheses regarding the biogeography of microbial organisms. KoCioleK & sPauldinG (2000) have detailed some families, genera, and species that appear to be localized with regard to their distribution. However, the situation that different habitats can be located in very different geographic locales but still may have similar temperatures and water chemistries could be informative of hot spring ecosystems in general. This has led to the study of the factors that support similar or different species of diatoms (vyverman et al., 2007) . Likewise, owen & renaut (2008) have compared hot springs in Iceland, New Zealand and Kenya, and noted that the dominant taxa that are present in these systems are all quite notable regarding the significant groups represented. With regard to certain diatoms found in South Africa (Synedra, Aulacoseira, Nitzschia, Cyclotella, Gyrosigma, Craticula) , these occurred exclusively at temperatures of < 45°C and pH values of < 8 (jonKer et al., 2013) .
Additionally, sediments can be seen as living spaces for benthic organisms, where they offer a place for resting and refugia. Organisms can be enlisted or re-suspended from sediments in the water body (Dobson & Frid, 2008) . Moreover, residue provides a source of chemical compounds that exist in the catchment area. All the hot spring sampling sites were approachable to the public, while some were particularly attractive as tourist destinations and were serviced as catering resources. Thus, human activities may have led to disturbance or disruption of the fluctuations of physicochemical features and diatom distribution at some of these hot springs. The sampling intention did not recognize the scope to which human activities had changed the natural ecosystem and impacted upon the diversity of the diatom communities. Thus, to evaluate the effects of human disturbances, continuous monitoring should be done.
Physicochemical properties of water collected from eight hot springs
Previous surveys have indicated that the surface temperatures of hot springs in northern Thailand are between 40-100°C. The range of water temperatures in this study was between 38.4 and 85°C (Table 2) . This is attributable to the mixing of geothermal water with groundwater during the course of circulation and at the time the water flows to the surface (raKsas- KulwonG, 2002) . Moreover, most of the hot springs in Thailand are known to be alkaline hot springs and are found in territories, where the pH value is over seven and can be as high as 11 or 12. During the course of this research, the range of pH values was from 6.8 to 8.8, which correlated with the expected hot spring conditions for this area. Additionally, hot springs in this region are typically discovered close to the areas with a lot of limestone or dolostone (Kruse, 1997) , where a broad measure of silica material can serve as a host for algal mats. Nutrient levels (nitrate, ammonia, phosphate) are relatively low, except at SK4, which is the main point of attraction for tourists. The main touristic activity in the hot springs of Thailand involves the boiling of "Onsen" eggs, which may result in high levels of nutrient contamination to the environment. HCA was used to analyse 31 sampling points from eight hot springs. Cluster analyses for the whole dataset produced similar water quality patterns. Clustering depends on the place that cutoff lines are drawn. The best number of clusters was determined using the Kmean method by NbClust function of the NbClust library in the R programming environment. It was found that the sampling points were divided into three groups and the similarity of their water properties was highlighted on the heat map (Fig. 7) . Overall, the sampling points were clustered according to the hot spring sites. Group 1 was the largest group including the sampling points located at sL, MJ, ChD, NG, TP and JS. These sampling points were clustered according to a positive correlation with conductivity, alkalinity and total hardness. Group 2 included the sampling points from TPN and SK1-3. These sampling points were separated from group 1 with a positive correlation with pH, SiO 2 content and soluble reactive phosphorus levels. Group 3 contained only Table 4. one sampling point from SK4. It was distinguished from the other sampling points because of the high nutrient levels and high sulphur concentrations that were present.
ConCLusions
Corresponding to our preliminary results, it should be concluded that the community diversity of hot spring diatoms at eight hot spring sampling sites was established by classification of forty six species. These belonged to 2 classes, 14 orders, 18 families and 27 genera. Of these, four species, Caloneis molaris, Craticula acidoclinata, Navicula subrhynchocephala and Pinnularia saprophila, were determined to be records new to Thailand. The dominant genera according to high relative abundance (more than 1%) were Diatomella (41.7%) followed by Achnanthidium (20.9%), Anomoeoneis (11.2%), Rhopalodia (6.4%), Sellaphora (5.7%), Navicula (2.9%), Nitzschia (2.4%) and Craticula (2.1%). The first three dominant species were Diatomella balfouriana, Achnanthidium exiguum and Anomoeoneis sphaerophora. Nonetheless, there are some species that could grow within a wide range of water properties such as A. exiguum. insignificant differences were found in terms of species richness or the diversity index values, but silicon dioxide (SiO 2 ), pH, conductivity, water temperature and total hardness were the main environmental factors that influenced certain specific diatom assemblages.
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